ABSTRACT: Thin films of interstitial boron-doped anatase TiO2, with varying B concentrations, were deposited via one-step atmospheric pressure chemical vapour deposition (APCVD) on float glass substrates. The doped films showed a remarkable morphology and enhanced photoactivity when compared to their undoped analogues. The TiO2:B films also presented enhanced conductivity and electron mobility as measured by Hall Effect probe as well as a high adherence to the substrate, stability and extended lifetime. The structure and composition of the different samples of TiO2:B films were studied by X-ray Diffraction (XRD), Raman spectroscopy, Scanning Electron Microscopy (SEM) and Dynamic Secondary Ion Mass Spectrometry (D-SIMS). Hybrid density functional theory was used to explore the defect chemistry of B-doped anatase and to understand the experimental results.
Introduction
Among all known photocatalytic materials, titanium dioxide (TiO2) has been the most extensively studied photocatalytic material due to its multifunctional applications from desirable properties. 1 There has been a large research drive into the degradation of organic pollutants leading to the industrial use of TiO2 for the production of environmental, self-cleaning and photocatalytic technologies such as the Pilkington Activ TM glass. In the last few decades, strenuous efforts have been made combining theory and experiment to fully understand the mechanisms of photocatalysis in TiO2 polymorphs. 2, 3 TiO2 has been synthesised using a wide range of synthetic methods, including sol-gel, 4 hydrothermal, 5 and electrochemical deposition, 6 as well as physical 7 and chemical 8, 9 vapour deposition techniques. It is worth mentioning that the use of chemical vapour deposition methods to synthesise TiO2 materials presents advantages over other methodologies, such as removing the need for a calcination/annealing step which can drastically affect the nature and content of the dopant, 10 and ease of industrial scale up.
TiO2, however, presents some disadvantages such as low conductivity and poor electron mobility which limits its usage for optoelectronic devices such as transparent conductive oxides (TCO). 11, 12 Even when donor doped with Nb or W, resistivities fail to reach those of doped SnO2, In2O3, ZnO or BaSnO3. Anatase TiO2 possesses a wide band gap (Eg ~3.2 eV) making it a UV absorber, limiting its efficiency as a photocatalytic material. To improve upon this and modify the morphology of TiO2, acceptor doping with a nonmetal or a transition-metal, has become one of the most widely studied areas of research in photocatalysis and materials science. 13 Generally, upon acceptor doping, such as with nitrogen, the N 2p states sit slightly higher than the O 2p states at the valence band maximum (VBM) reducing the band gap and improving the efficiency of visible light absorption. However when donor doped, the conductivity increases but usually at the expense of the photocatalytic activity. The majority of research on this has been in acceptor doping with non-metals such as N, C or B. 14 Boron doping of TiO2 has attracted attention due to its enhanced photocatalytic activity under visible light. 15 When boron is doped into the TiO2 lattice it can occupy both substitutional oxygen and titanium sites (BO and BTi respectively) as well as interstitially (Bi) making it an amphoteric dopant. Experimentally a blue shift is observed in the band edge of TiO2:B when boron occupies an interstitial site indicative of a Moss-Burstein shift. 16 In addition, studies showing a red shift in the absorption edge are suggestive of substitutional B. This has been postulated as the creation of mid-gap states acting as absorption centres enhancing the visible light absorption and photocatalytic activity. 17 It has been suggested in the literature that interstitial boron reduces Ti 4+ to Ti 3+ promoting the separation of the photoexcited electron and hole pairs suppressing their recombination and enhancing the photocatalytic activity. 16 It should be noted, however, that excess electrons in anatase TiO2 are generally delocalized in the bulk, but can localize on the surface. 12 Previous synthesis of TiO2:B has been focused on the formation of powders by sol-gel, annealing and hydrothermal methods. 15 Recently, TiO2:B thin films deposited by APCVD were reported for the first time by Carmichael et al. 18 Analysis of the films showed substitutional boron which lead to remarkable rates of hydrogen production (24 µL cm -2 h -1 ) and more favourable photocurrent profiles when compared to un-doped samples. Other APCVD routes have created interstitial B-doped TiO2 with the noticeable effect of interstitial boron in the surface morphology of the thin films. 19 The films showed higher rates of photoactivity together with higher stability when compared to substitutional boron-doped TiO2 films. Here, we present and report the study of the synthesis and characterisation of a series of interstitial TiO2:B thin films, synthesised by one-step APCVD, containing different concentrations of boron. The impact which interstitial boron has on the morphology, structure and functional properties of such films is shown experimentally and by state-of-the-art ab-initio theoretical methods.
2. Experimental Methodology The chemicals were purchased from Sigma-Aldrich and Acros Organics. Titanium tetrachloride (TiCl4, 99.9%), ethyl acetate (C4H8O2, 99.8%), and triisopropyl borate (C9H21BO3, 98%) were used as titanium, oxygen, and boron sources, respectively. Octadecanoic (stearic) acid (CH3(CH2)16CHO2, 98.5%) was used to perform the photocatalytic assay.
Atmospheric Pressure Chemical Vapour Deposition (APCVD)
The boron-doped TiO2 thin films were synthesised in a custom-built cold-walled CVD reactor at atmospheric pressure. 20 The reactor consisted of a graphite block (320 mmlong × 150 mm-width) contained within a quartz glass tube. The graphite block contained three embedded Whatman heater cartridges and the temperature was controlled using Pt−Rh thermocouples. Nitrogen gas (supplied by BOC) was used as the carrier gas to lead the precursor vapours into the reactor. The gas mixture was introduced through a triple manifold in order to ensure a laminar flow into the reactor. The carrier gas was pre-heated at 473 K and all the pipes of the CVD system were kept at that temperature. The precursors were heated independently in stainless steel bubblers in order to maintain their intended vapour pressures and ensure flow rate control. Before entering the CVD reactor, the precursors were quickly mixed in stainless steel mixing chambers at 523 K, under controlled flow rate conditions. The films were deposited at 773 K on float glass substrates (89 × 225 × 4 mm) supplied by the Pilkington NSG Group, pre-coated with a SiO2 barrier layer to prevent ion diffusion from the glass into the film. The glass substrates were cleaned using distilled water, acetone (99%) and isopropanol (99.9%) and dried in air prior to use. In a typical deposition, the temperature and mass flow rates were constant for metal (TiCl4) and oxygen (CH3COOC2H5) precursors as 340 and 310 K and 6.4 × 10 −3 and 3.04 × 10 −3 g•min -1 , respectively. A range of boron-doped TiO2 films (TiO2:B) were synthesised using increasing mass flow rates of triisopropyl borate (C9H21BO3) as boron precursor, namely 0.19 × 10 −3 g•min -1 (sample A) 0.56 × 10 −3 g•min -1 (sample B) and 0.65 × 10 −3 g•min -1 (sample C). 2.2 Analytical Methods X-ray diffraction (XRD) patterns of the films were obtained using a Lynxeye XE Bruker-Axs D8 diffractometer. The instrument operates with a Cu X-ray source, monochromated (Kα1, 1.5406 Å). Films were analysed with a glancing incident angle (θ) of 1°. Structural analysis of the powdery deposition was done by Powder XRD using a Bruker D4 Bragg-Brentano theta-2 theta reflection geometry machine equipped with Cu Kα1+2 source powered at 40 kV, 30 mA coupled with a post-sample graphite monochromator and scintillation counter detector. The Joint Committee on Powder Diffraction Standards (JCPDS) was used to determine the crystal structure adopted. The lattice parameters and average crystal size was determined using a Le Bail model using the GSAS-EXPGUI software suite. 21 Raman spectroscopy was carried out using a Renishaw 1000 spectrometer equipped with a 514-nm laser. The Raman system was calibrated using a silicon reference. Characterisation of the chemical profile of the thin films was carried out by Dynamic Secondary Ion Mass Spectrometry (D-SIMS) in a Cameca SC-Ultra instrument in positive ion mode, by a bombardment with Cs + ions, having an impact energy of 1.0 keV. X-ray photoelectron spectroscopy (XPS) was used to determine the composition of the films and spectra were recorded on a Kratos Axis Nova spectrometer equipped with a monochromated Al Kα X-ray source and delay line detector. Survey spectra were recorded with energy of 160 eV and higher resolution spectra were recorded at 80 eV. A Filmetrics F20 single spot thin film machine was used to analyse film thicknesses. UV/visible spectroscopy was performed using a double monochromated PerkinElmer Lambda 950 UV/vis/NIR spectrophotometer in the 300−2500 nm range. Reflectance spectra were recorded for different positions in the range 300−2500 nm on a Helios double beam instrument standardised relative to a silicon mirror, which allowed the thickness of the films to be also be determined via the Swanepoel method. 22 The morphology of the films was studied by Scanning Electron Microscopy (SEM). The images were taken using JEOL 6301 (5 kV) and a JEOL JSM-6700F field. The probe measurements (Hall Effect) were conducted at room temperature on an Ecopia HMS-3000 device in the Van der Pauw configuration 27 . Measurements were acquired at 0.58 T and a variable current of 0.1 µA to 1 nA on square-cut samples (≈1 x 1 cm). Silver paint (Agar Scientific) was used to form ohmic contacts, the integrity of which were tested prior to measurement.
Photocatalytic Test
The photocatalytic activity of the films was evaluated during photodegradation of octadecanoic (stearic) acid. A thin layer of stearic acid was applied on the surface of the samples by dip-coating from a stearic acid solution (0.05 M) in chloroform under UVA illumination (BLB Vilber-Lourmat, 2 × 8 W, 365 nm, 2 mW cm -2 ). A PerkinElmer RX-I Fourier transform infrared (FTIR) spectrometer was used to monitor,the disappearance of characteristic C−H modes of the acid (2958 cm −1 , 2923 cm −1 , and 2853 cm −1 ). The photocatalytic rates were estimated from linear regression of the initial steps (30−40%) of the curve of the integrated area vs illumination time. This estimation considered that 1 cm -1  9.7 x 10 +15 molecules. 23 3. Theoretical Methodology Computational analysis using ab-initio methods has been carried out on the intrinsic defects and boron incorporation in anatase TiO2. These calculations have been carried out using the Vienna Ab-initio Simulation Package, VASP [24] [25] [26] [27] , a periodic boundary, plane-wave density functional theory (DFT) code. The projector-augmented wave method (PAW) 28 29, 30 was used to obtain accurate electronic and geometric results of B-doped TiO2. Hybrid functionals are less inhibited by the short falls of standard DFT functionals which fail to describe the self-interaction error and thus underestimate band gaps resulting in an inaccurate picture of the defect chemistry of a system. Hybrid functionals have consistently displayed increased accuracy over standard DFT functionals in describing both the geometry and electronic structure for a range of semiconductors and insulators, 12, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] and HSE06 has been shown to provide a good description of all polymorphs of TiO2. 12, [42] [43] [44] [45] [46] [47] [48] A geometry optimization was carried out on the primitive cell of anatase TiO2 allowing the lattice vectors and angles, volume, and atoms to relax until the forces on all the atoms were less than 0.01 eV atom -1 . In order to achieve an accurate convergence of the total energy and electronic structure, a 700 eV plane wave energy cutoff and a Γ-centred 7 × 7 × 5 k-point lattice were used. All the defect states calculated herein were simulated using a 3 × 3 × 1 supercell containing 108 atoms using a Γ-centred k-point mesh of 2 × 2 × 2 combined with a plane wave cutoff of 450 eV. Only the ions within the supercells were allowed to relax with the lattice vectors and angles kept fixed. All the defect calculations were spin-polarised, and the systems were deemed to be converged when the forces on all the atoms were less than 0.01 eV atom -1 . The limiting phases were calculated using plane-wave energy cutoffs of 700 eV and Γ-centred k-point meshes of 6 × 6 × 3 and 8 × 8 × 8 for B2O3 and Ti2O3 respectively. 3.1 Defect Formalism The formation energy of a defect in charge state 'q' is defined as:
E D,q and E H refer to total energies of the defective cell in charge state 'q' and the host cell respectively. Ei refers to the elemental reference energy (where ' ' is Ti(s), O2(g) or B(s)) and μi is the associated chemical potential. n refers to the number of electrons taken away from or added to the external reservoir. In this work the Fermi level ( ) ranges from the valence band maximum (VBM) (0 eV) to ~1.7 eV above the conduction band minimum (CBM). refers to the eigenvalue of the VBM in the host material and corresponds to the correction that is applied to account for the difference between the potential of the host and the defective supercells. Two more corrections are applied to account for the finite size effects of the supercell; the first is an image charge correction which corrects for the interaction of the charged defect and its own periodic images due to the long ranged nature of the Coulomb interaction. 49, 50 The image charge correction implemented herein uses the scheme formalised by Hine and Murphy 51 which utilises the dielectric tensor. Lastly there is a band filling correction ( ) by Lany and Zunger 52, 53 which is applied to shallow defects to account for the high defect concentrations present in supercell calculations.
Chemical Potential Limits
The chemical potentials in Equation (1) ( ) can reflect the equilibrium growth conditions which can then be varied to simulate the experimental partial pressures defining the extremes of n-type and p-type defect formation. Under equilibrium conditions the chemical potentials are relative to the formation enthalpy of anatase:
Due to the requirement that TiO2 is to be thermodynamically stable towards Ti2O3, a further restraint is imposed on the chemical potentials making the Ti-rich/O-poor boundary limited by:
These results correlate well with room-temperature experimental values (-9.73 eV and -15.76 eV for TiO2 and Ti2O3 respectively 54 μ Ti = −9.14 eV ; μ O = 0 eV (5) To determine the solubility of the boron species, a limitation via the formation of a secondary phase, B2O3 is applied and is calculated to be:
(The experimental formation energy at room temperature is determined to be -13.20 eV 54 ) Therefore, under Ti-poor/O-rich and Ti-rich/O-poor conditions μB = -6.55 eV; μB = -1.27 eV respectively The thermodynamic transition levels are displayed below (Figure 8 ) and show the evolution of a defect from charge state q to q' at a certain Fermi level position calculated by:
Experimentally these transition levels can be seen by such techniques as deep level transient spectroscopy (DLTS). 4. Results and discussion A series of B-doped TiO2 thin films, henceforth samples A, B and C, were produced by APCVD containing various boron concentrations, as indicated in Table 1 . The concentration of boron in the films were increased by varying the temperature of the bubbler and the mass flow rate. All the films were strongly adherent and passed the Scotch TM tape test, except for those using high flow rates of the boron precursor (e.g. sample C), which showed powdery areas across the glass substrate ( Figure S2 ). The powder was easily removed using water or acetone. The formation of this powdery areas will be discussed below (vide infra).
Boron doping
The presence of boron in the films and its oxidation state was elucidated using XPS and D-SIMS ( Figure 1 and Figure  S2 ). The Ti 2p peaks, located at binding energies of 458.9 eV and 464.6 eV were identified as Ti-O bonds of Ti 4+ in TiO2 ( Figure S3a ). 20 No other Ti 4+ environment or reduced Ti 3+ species were detected. The O 1s peak, located at 530.4 eV, is also consistent with the formation of TiO2. The total boron concentration of the TiO2:B films was found to be in the range of 1-5 at.% (table  1) . Many discrepancies can be found in the literature with regards of the chemical environment of boron in borondoped TiO2 materials. Generally, B 1s peaks at 190-191 eV are attributed to substitutional boron in an oxygen position (BO) and peaks in the range 191-192 eV correspond to interstitial boron (Bi). 55 Boron can also be found in various (Figure 1c) . 19 This peak, however, was only observed from surface analysis in sample C, not in the bulk of the sample (Figure 1f ). The concentrations of boron in the bulk of the samples ranged between 0.8-1, 2-3 and 4-5 at. % for samples A, B and C, as indicated in Table 1 . Further analysis was carried out using D-SIMS ( Figure S3b , c and d). It could be seen that, while the content of titanium and oxygen remained constant, the content of boron varied within the bulk of the films. In the case of samples A and B, boron is found mostly through the bulk of the film, as seen by D-SIMS depth profiling ( Figure S3b and c) , whereas, in the case of sample C, boron is found mostly on the surface of the thin film through at least ~10 nm, as XPS depth profiling analysis revealed (Figure 1f ). X-ray diffraction (XRD) and Raman spectroscopy were used to study the crystal structure of TiO2 present in the TiO2:B thin films . Figure 2 shows XRD patterns of TiO2:B samples alongside an undoped TiO2 thin film. The lattice parameters were determined using a Le Bail model, tooled with GSAS and compared with literature powder standards of anatase and rutile TiO2 56 All samples confirmed the presence of anatase TiO2 only, except for sample C that showed traces of the rutile phase, as evidenced by an additional peak at 2θ = 27.7° (Figure 2d ). The proportion of rutile phase in sample C, calculated from the XRD data , was estimated around a relative value of ~15% of the total. The presence of rutile at relatively low temperature -the typical anatase-rutile transformation temperature is above 700 °C-can be explained from changes in the pH of the precursors mixture in the gas phase, which may induce changes in the nucleation rates of the TiO2 nanoparticles. As previously reported by Sabyrov et al., 57 58 reported a similar effect for the synthesis of S-doped TiO2 films using atomic layer deposition (ALD). Extracted from Le Bail refinement, the average crystallite size of the doped samples increased compared to undoped TiO2 (Table 1) but decreased upon apparently increasing levels of boron in the structure. A potential explanation for this is a concurrent formation of a boron-containing byproduct upon increasing flow rates of the boron precursor. This is plausible considering that the B 1s XPS peaks in the bulk were weak and broad (Figure 1d, 1e and 1f) and thus the levels of doped boron in the TiO2 structure may be overestimated. The mentioned by-product could be boric acid (H3BO3), as inferred from the XPS results from sample C (Figure 1c) . The formation of boric acid (or sassolite) was indeed confirmed by XRD analysis of the powdery sections in this sample ( Figure S2 ). XRD also suggested the addition of the boron dopant in an interstitial position. Indeed, the lattice parameter c ( Table  1) of TiO2:B, were shown to be larger than the ones of the reference TiO2 sample. The unit cell volume in sample B is similar to the undoped TiO2 film synthesised under the same conditions. The extension of the c-axis and the expansion of the unit cell volume can be explained by the interstitial incorporation of boron in the TiO2 lattice. 17, 19 Raman spectroscopy studies of the as-synthesised samples (Figure 3a) confirmed the presence of anatase TiO2 in the samples, following the characteristic bands at 144, 400, 650 cm -1 . 56 Doped TiO2 anatase samples are often characterised by a shift of the Eg mode at 144 cm -1 . 59, 60 Close Inspection of Figure 3b , however, only showed a blue shift of the Eg mode for sample A, allegedly the sample with the lowest boron content (Table  1) . This observation seems to support our previous comments with regards of the actual B content in the samples, based on XPS and XRD results (vide supra). The suggested mechanism of formation of TiO2 from reaction between TiCl4 and ethyl acetate has been described according to the following equations: 61 
Structure discussion
the generation of smaller initial nanoparticles of anatase TiO2 in acidic conditions and at high temperatures increased and induced the phase transformation rate of rutile TiO2. Pore et al.
Morphology of the TiO2:B films
The mass flow rate of the boron precursor had a drastic impact on the morphology of the films. A typical SEM image of the undoped TiO2 film showed shell-shaped aggregated particles with sizes in the range of 120 -230 nm (Figure 4a ), which contrasted with the significantly large average particle size of the TiO2:B samples. In Figure 4b , sample A showed agglomerations of big particles (ca. 1 µm to 2.3 µm) with a more defined prism-like and cubic shape deposited on top of a uniform coating of smaller agglomerations of particles. Both type of deposited particles were well adherent to the substrate forming a bilayer-like structure of TiO2:B as reported previously. 19 In contrast, sample B, exhibited a well-defined and uniform film composed of cubic-shaped particles (ca. 160 nm). Sample C ( Figure  4d ) showed prism-shaped and well aggregated particles with sizes in the range of 300 nm to 500 nm. Comparing the different surface morphologies of TiO2:B (Figure 4b , c and d) with the undoped TiO2 film (Figure 4a ), the final concentration of boron incorporation has a significant role in the agglomeration of the doped-TiO2 particles along the substrate. The SEM cross-section images of the samples (Figure 4e , 4f, 4g and 4h) show that both the undoped and doped TiO2 thin films described in this work were relatively hard and strongly adhered along the entirety of the glass substrate. In the case of sample A, the cross-section SEM analysis (Figure 4f ) confirmed what can be seen in the top view image (Figure 4b ), the multilayer-like morphology, where agglomerations of larger particles of TiO2:B (cubic shape) can be found on top of a uniform layer of smaller particles. The thicknesses of the films were found to be in the range between 420 nm to 650 nm. 19 As it can be seen in Figure 4 , the different TiO2:B films deposited showed varying morphology, associated with the boron doping level. SEM observations supported the existence of morphology discrepancies between the TiO2:B samples (Figure 4b , c and d) and the undoped TiO2 coatings (Figure 4a ). In addition, SEM analysis of the TiO2:B samples revealed the presence of 3 different morphologies which correspond to the macroscopic aspect variation observed on the substrate (Figure S1 ), i.e. , visual observations under tilt angle of sample A presented areas containing concentric circles whereas sample B and C showed different lines of interference colours, expressing thickness differences along the length of the substrate. 19 4.5 Optical properties of the films The undoped TiO2 thin films displayed high optical transparency. The incorporation of low B concentrations (sample A, ∼1 at.%) resulted in films with zones of concentric circles on the substrate evidenced by a red shift in the transmission onset from 316 nm to 348 nm compared to the undoped TiO2 thin films (Figure 5a) . Surprisingly, the shift was not so drastic for the highly doped films (samples B and C). These results are similar to phosphorous doped TiO2 thin films by C. Sotelo-Vazquez et al. 60 , where it was reported a small shift (blue shift in their case) when the concentration of the dopant (phosphorus) was lower than 1 at. %, and no noticeable shift occurs when the concentration was higher than 1 at. %. Figure 6a shows the corresponding photocatalytic activities under UVA light (2 mW·cm −2 ), expressed in terms of formal quantum efficiency (FQE), which is defined as molecules of stearic acid degraded over incident photons (molecule/photon). All the TiO2:B samples showed improved photocatalytic activities compared to a conventional undoped anatase TiO2 film. This is not surprising considering that the incorporation of interstitial boron encouraged crystallinity (Figure 2 ) and increased crystallite size ( Table 1) . This is certainly the case for the incorporation of relatively low levels of boron in the structure (~1 at%) as observed for sample A. The synthesis conditions in the presence of higher concentrations of boron precursor induced lower crystallite sizes for samples B and C, respectively, and the photocatalytic activities were observed to follow the same trend (Figure 6b) . Nevertheless, as seen in the XRD patterns (Figure 2d ) the boron-doped TiO2 sample C contains simultaneously rutile and anatase. The presence of rutile has been also reported to have a direct impact in the photocatalytic performance of TiO2. Reported by D. O. Scanlon et al, 44 photogenerated conduction electrons will flow from rutile to anatase, inducing a type II band alignment (∼0.4 eV), significantly reducing the effective bandgap of composite materials, and improving efficient electron-hole separation. This alignment increased the photoactivity of anatase-rutile composite materials over their individual analogues. The conductivity of the doped films was also investigated using a Hall Effect probe and the results are summarised in Table 2 . As the resistivity was close to the detection limits of the Hall Effect device, the derived charge carrier densities and mobilities were liable to have large associated errors. A high resistivity and small range of mobility of the charge carriers was measured. It was found that the lowest resistivity was found for sample B (20 Ω cm) whilst the highest was for Sample C (9.5 x 10 5 Ω cm). Comparing these values to Nb:TiO2 and F:TiO2, the measured values of resistance (ρ) for TiO2:B are much higher.
Bulk electronic properties:
The density of states (DoS) and band structure for anatase TiO2 are presented in Figure 7a and Figure 7b shows that anatase is an indirect band gap material (Eg ind = 3.35 eV) with the VBM occurring just off the Z high symmetry point (between Γ and Z) and the CBM at Γ. The direct band gap at Γ has a magnitude of 3.64 eV. These results are consistent with other theoretical calculations using HSE06 63, 64 and low temperature optical studies (3.42 eV), 65 however the general consensus in experiment places the band gap at ~3.2 eV. 44 Higher levels of theory such as the GW (Green's function) approximation which place the band gap around 3.6-3.8 eV, 66-69 the overestimation is generally thought to be excitonic effects or the difficulties in the convergence of the screened interaction of localized systems. 67 VTi is a deep acceptor under both growth regimes with the 1-/0 transition level occurring at ~0.87 eV above the VBM. 87 found using LDA (Local Density Approximation) that VTi is a quadruple shallow acceptor, however LDA is known to be inadequate in describing the band gap and correct localization of holes and electrons. Applying a Hubbard-like "U" value (which incorporates an occupation penalty scheme), Morgan et al. show that VTi is a deep acceptor (2-/0 transition occurs ~0.85 eV above the VBM). In this study, however, it is shown that there is no 0/1-transition level and the formation energy is ~2.5 eV lower than that calculated from our calculations. 70, 73 The only HSE06 calculations on VTi in anatase show that the defect transitions from the neutral charge state to the 2-then the 4-charge state over the band gap. In these calculations only a Monkhorst-Pack 1x1x1 k-point sampling was used which can lead to inaccurate total energies and therefore uncertainty in the thermodynamic picture of the defects. 48 It is known that the thermodynamic transition levels can be sensitive to the correct localization and delocalization of electrons and holes and Figure 9 presents the calculated partial charge densities of each charge state of VTi displaying the correct localization of holes on the adjacent oxygens surrounding the vacancy. The axial holes are the first to be removed (VTi 18 which gives a fairly comprehensive view on the electronic structure of various B related defects. Under Ti-rich/O-poor conditions, Bi 3+ is lowest in energy across the whole band gap, meaning that interstitial boron is the most preferential dopant state to form. Bi acts as a shallow dopant donating 3 electrons into the conduction band and has a very low formation energy. The Fermi level is pinned in the conduction band at ~0.65 eV above the CBM when the VTi 4-charge state falls low enough in formation energy to begin compensation of the donated elec- Figure 10a, 10b and 10c the partial charge localization is shown for Bi in the 0, 1+ and 2+ charge states. Bi is a three electron donor, however when it reaches the 0 and 1+ charge states (~2.42 eV above the CBM) ( Figure  10a and b) , the donated electrons start to become highly localized on the B and adjacent Ti atoms, this has also been seen previously by Yang et al. 90 the 2+ charge state is shows a delocalized electron (Figure 10c) Accounts by Finazzi and coworkers see an almost identical picture, however with more localization on the Ti, which could be an artifact from using a Γ-point only calculation. Less distortion is seen here than for BTi although in the neutral charge state B distorts ~5% in the c direction whilst the Ti below shifts ~4% from its original position away from the defect. The 4-charge state displays a quadruple polaron (shown in Figure 10f ) and the atoms shift back towards their original positions (~2% from BTi 0 ). 
Conclusions:
A series of interstitial boron-doped anatase TiO2 of different concentrations were synthesised and deposited on glass by one-step APCVD. The concentration of the dopant (from 1-5 at. % B) was varied by increasing the mass flow rate of boron isopropoxide and varying the temperature of the bubbler where it was placed. Anatase was obtained in all of the TiO2:B samples. In the case of sample C, when a higher mass flow of boron was used, rutile was formed along with a powdery deposition on top of some areas of the film. The powdery deposition was easily removed and was characterised as a mixture of anatase and a form of boric acid (H3BO3), called sassolite. Proved by XPS and D-SIMS, boron was incorporated in TiO2 as interstitial, being that form the most stable of boron-doped TiO2. 15, 17 The incorporation of interstitial boron induced a noticeable change in the morphology of the doped-films and in the average particle size, more remarkable in the case of sample TiO2:B (A). The optical band gap slightly changed but no visible light absorption/response was found. The photocatalytic performance of TiO2:B films under UV was enhanced, being much higher and noticeable in the case of sample A, which contains around 1 at. % B. Surprisingly, boron-doped TiO2 samples presented certain conductivity and electron mobility, proven by multimeter and Hall Effect measurements. From our theoretical and computational analyses, we show that in the likely event of Bi forming, the material will be made n-type under Ti-rich/O-poor conditions, explaining the n-type conductivity measured. Bi 3+ is the most preferential dopant state to form. Under Ti-poor/O-rich conditions the Fermi level will be trapped ~2 eV above the VBM, indicating that electrons trapped at this level could be excited by visible light into the CBM thus increasing the visible light activity. In addition, we can conclude that an excessive addition of boron during the synthesis of the interstitial TiO2:B thin films is detrimental for the formation of the films, affecting the nucleation process and increasing the gas phase reaction that leads to a powdery deposition, as well as for the photocatalytic properties of TiO2:B, which after reaching the optimal concentration (∼1 at. %) the photocatalytic performance of the interstitial boron-doped TiO2 samples decreases. The data obtained by XRD, Raman spectroscopy and XPS data, indicated that: (i) boron has been implanted within the anatase phase interstitially (ii) when the mass flow of the dopant is too high the rutile phase appears and a powdery phase-mixture of TiO2 and H3BO3 (sassolite) is deposited along with the film as by-products, which can be found in some areas of the substrate (glass). ASSOCIATED CONTENT Supporting Information. 
